Porcine reproductive and respiratory syndrome (PRRS) is recognized as one of the most important infectious diseases causing serious economic loss in the swine industry worldwide. Due to its increasing genetic diversity, a rapid and accurate diagnosis is critical for PRRS control. The immunochromatographic strip test (ICST) is a rapid and convenient type of immunoassay. In this study, an on-site immunochromatographic assay-based diagnostic method was developed for detection of PRRS virus (PRRSV)-specific antibodies. The method utilized colloidal gold nanoparticle-labeled dual-type nucleocapsid proteins encoded by open reading frame 7. We evaluated 991 field samples from pig farms and 66 serum samples from experimentally PRRSV-inoculated pigs. Based on true PRRSV-specific antibody-positive or -negative sera determined by immunofluorescence assay and IgM enzyme-linked immunosorbent assay (ELISA), the specificity and sensitivity of the ICST were 97.5% and 91.1%, respectively, similar to those of a commercial ELISA (IDEXX PRRS X3 Ab). More importantly, the ICST was completed within 15 min and could detect the PRRSV-specific antibody at an earlier stage of infection (3-7 days) than that of ELISA (7+ days). The results demonstrate that the developed ICST has great potential as an on-farm diagnostic method, providing excellent diagnostic performance in a quick and convenient manner.
Introduction
Porcine reproductive and respiratory syndrome (PRRS) is an infectious swine disease that causes respiratory illness in pigs of all ages and reproductive failure including early farrowing, late-term abortions, and mummified or stillborn fetus in pregnant gilts and sows [1, 23] . Tremendous economic losses caused by decreased productivity have made this disease one of the major concerns in the pig industry worldwide [11] . Since there are reports of increasing genetic and antigenic diversities in the PRRS virus (PRRSV) circulating in Korea [5, 6, 14, 15, 18] , a rapid, accurate, and easily performed diagnostic assay for use in local pig farms nationwide is critical for surveillance of PRRSV infection and control of its spread. To date, various approaches for detecting PRRSV-specific antibodies have been developed and applied. The commonly used serological diagnostic methods comprise indirect immunofluorescent antibody (IFA) assay, immunoperoxidase monolayer assay (IMPA), and enzyme-linked immunosorbent assay (ELISA) [3, 7, 10, 24] . ELISA is known as the most reliable and commonly used serological diagnostic method [25] . Although it shows high degrees of sensitivity and specificity to detect PRRSV-specific antibodies in swine sera, well-trained personnel and a time-consuming multistep procedure prior to obtaining final results are needed for IFA, IMPA, and ELISA, not to mention their relatively high cost. Furthermore, the aforementioned diagnostic tests need to be performed in a laboratory with specialized and expensive equipment. In contrast, an adequate on-site test, with rapidity and convenience and without additional expenses for shipping and analysis, would provide greater efficiency in the early control of PRRS compared to the aforementioned laboratory methods. The immunochromatographic strip test (ICST) developed in the 1980s [2, 30] has been used to monitor various animal diseases [13, 19, 21, 27, 29] owing to its several advantages, including simple and easy procedure, quick operation, and low cost [26] . In addition to excellent diagnostic efficacy, the capability of an ICST to detect antibodies at an earlier stage of infection than current diagnostic methods makes it highly useful for minimizing the economic impact of a disease outbreak. Despite the availability of commercial ICST for PRRSV-specific antibody detection, diagnostic performance of commercially available ICSTs in the field has not been well described. The aim of this study was to develop a rapid and sensitive ICST based on type 1 and type 2 N proteins and labeled with colloidal gold nanoparticles to be used for the detection of PRRSV-specific antibodies during the early period of PRRSV infection and to compare its diagnostic performance with a commercial ELISA against the valid reference standard IFA.
Materials and Methods

Viruses and field serum samples
Two prototype PRRSVs (VR2332 and Lelystad virus [LV]), type 1 (E38) and type 2 (PL97-1 and LMY) field strains isolated from PRRS-affected swine farms in Korea were propagated in Marc-145 cells and stored in our laboratory at -70 o C until use. The nucleotide sequence identity of the ORF7 gene is 61.2% between VR2332 and LV, while 93.5% and 95.9% to 99.5% within type 1 and type 2 viruses used in this study, respectively. To evaluate the diagnostic performance (sensitivity and specificity) of the ICST, 991 sera samples from growing pigs (between 2 and 6 months old) were submitted to a diagnostic lab (Animal and Plant Quarantine Agency, Korea) from 71 domestic pig farms on which there were poor growth and respiratory illness between 2013 and 2014. The pig farms were located in provinces nationwide: Gyeonggi (n = 27), Chungbuk (n = 9), Chungnam (n = 10), Jeonbuk (n = 18), and Gyeongnam (n = 7). Collected samples were stored at -20 o C until use; at which time they were thawed and subjected to ELISA, IFA, and ICST.
Animal studies
To evaluate ICST in several PRRSV-positive serum samples and elucidate the temporal profiles of PRRSV-specific antibodies, six weaned pigs (3 weeks old) were purchased from a pig farm known to be free of PRRSV. The pigs were isolated for 7 days and then randomly assigned to three groups of two pigs each. Sera were collected from all pigs before challenge and were used as the known negative controls. The three groups of two pigs each were intramuscularly inoculated with 2 mL of one of three PRRSV field-isolated strains (PL97-1, E38, or LMY) at titers of 10 5 TCID 50 /mL (TCID 50 , 50% tissue culture infective dose). Sera of the challenged pigs were collected at 7, 14, 28, 39, and 52 days post-infection (dpi) and were used as the known positive samples. Additionally, to identify how early in the post-infection period these tests can detect PRRSV-specific antibodies following initial exposure to PRRSV, six weaned pigs (3 weeks old) of the same litter were randomly assigned to two groups of three pigs each. Two of those groups were intramuscularly inoculated with 2 mL of a PRRSV prototype virus (VR2332 or LV) at a titer of at least 10 5 TCID 50 /mL. Sera of the challenged pigs were collected at 0, 1, 3, 5, 7, and 14 dpi. Collected samples underwent IFA, ICST, and commercially available ELISA, and the results were compared. The experimental protocols for the care and use of laboratory animals were approved (approval No. 2017-277) by the Institutional Animal Care and Use Committee at the Animal and Plant Quarantine Agency, Korea.
Immunofluorescent antibody
Briefly, MARC-145 cells were seeded and grown in 96-well plates on RPMI 1640 growth medium (Invitrogen, USA) containing 10% fetal bovine serum (Gibco-BRL, USA) and 1× antibiotics (Gibco-BRL) for 16 h, and inoculated with VR2332 or LV strains at a titer of 10 5 TCID50/mL. The infected plates were incubated for 24 h and, after removing the media, fixed in 80% cold acetone in methanol for 10 min at -20 o C. Inactivated sera were diluted 1:20 in phosphate-buffered saline (PBS) and transferred to inoculated plates. After 30 min of incubation, the plates were washed with PBS. Then, fluorescein isothiocyanatelabeled rabbit anti-swine IgG was added to each well at a dilution of 1:200. Following incubation for 1 h, the plates were PBS-washed and examined under a fluorescence microscope (Olympus, Japan).
Enzyme-linked immunosorbent assay
To determine the relative efficacy of ICST, commercial indirect IgG ELISA (IDEXX PRRS X3 Ab; IDEXX Laboratories, USA) and an in-house IgM ELISA. Assays were performed following the appropriate set of instructions. The optical density (OD) of each well was measured at 650 nm with a spectrophotometer (Sunrise Microplate Reader, Switzerland) and the results converted into sample-to-positive (S/P) ratios. Samples with an S/P ratio equal to or greater than 0.4 were considered to be positive for IgG antibody against PRRSV.
To assess the PRRSV-specific IgM antibody response, the commercial indirect IgG ELISA (IDEXX PRRS X3 Ab; IDEXX Laboratories) was performed in an identical manner to that described above with one exception. HRP-labeled goat anti-swine IgM antibody (30 ng/mL) was used instead of the anti-swine IgG antibody conjugate provided in the IDEXX kit. As ODs of all serum samples obtained from the PRRS-negative farms were less than 0.1, samples with OD higher than 0.1 were considered to be positive for the IgM antibody against PRRSV.
Construction of immunochromatographic strip test
To obtain recombinant nucleocapsid (rN) protein, the RNAs from the VR2332 and LV strains were extracted by using the RNeasy Mini Kit (Qiagen, USA). The N protein-coding gene was amplified by using the Power cDNA Synthesis Kit (iNtRON Biotechnology, Korea) and the Taq PCR Master Mix Kit (Qiagen) HisTrap HP (GE Healthcare, UK), and 6× His-tagged rN proteins were eluted by elution buffer (500 mM imidazole in PBS, pH 7.4) after washing with washing buffer (60 mM imidazole in PBS, pH 7.4). The purified rNs were evaluated by SDS-PAGE analysis for purity (data not shown).
To prepare the colloidal gold PRRSV antigen conjugate, one milliliter of 1% solution of HAuCl4 was added to a 100 mL of double-distilled water and boiled. Next, 2.4 mL of a 1% solution of trisodium citrate dihydrate was added to the boiling solution. The gold solution was gradually cooled and adjusted to pH 9.0 by adding 0.1 M of potassium carbonate solution appropriately. The rN protein (5 g/mL) was added to 30 mL of the gold nanoparticle solution for gold conjugation. After 30 min of incubation at room temperature, 0.3% casein was added to the conjugate solution for blocking. The solution was additionally incubated for 30 min at room temperature and then centrifuged at 12,000 × g for 20 min. The supernatant was removed and the gold conjugate resuspended in 3 mL of conjugate washing buffer (1% BSA in 2 mM borax, pH 9.0), and the final OD was measured by spectrophotometer at 525 nm absorbance. The developed immunochromatographic test strip is composed sample and gold conjugate pads, a nitrocellulose membrane, and an absorption pad on a plastic backing card (PJ Company, Korea) as illustrated in Fig. 1 . The rN proteins of type 1 and type 2 PRRSV were immobilized on the nitrocellulose membrane (Millipore, USA) as capture antigens, and the gold conjugate was prepared by conjugation between 40 nm diameter colloidal gold and the mixture of PRRSV rN proteins. The 0.8 mg/mL of rN protein mixture (from type 1 and type 2 PRRSV) and 2 mg/mL of anti-rabbit IgG were immobilized as test and control lines, respectively, on the nitrocellulose membrane. The gold nanoparticle-conjugated rN proteins (OD525 nm = 7.0) and the gold nanoparticle-conjugated rabbit IgG (OD 525 nm = 3.0) were air-dried in a glass fiber sheet with a stabilizer to form the gold conjugate pad. Assembled strips are stable for 1 year under the recommended storage condition (4 o C-30 o C). Swine serum (20 L) was added to 80 L of sample dilution buffer (Tween-20 0.4% in 50 mM of sodium tetraborate-12H2O, pH 9.0), and the mixture was added to the sample loading well in the test strip. After 10 min, the test result can be read by using a time-resolved fluorescence (TRF) reader (Medisensor, Korea) or naked eyes. Test-line intensity is able to be expressed as a numerical value by the TRF reader in accord with the concentration of the antibodies against the PRRSV in swine serum. A TRF detector value equal to or greater than 40 was determined to be positive. Although there was no difference between a TRF reader and naked eyes in reading the results, the TRF reader was used to compare the slight difference in numerical values with the ELISA results. As shown in Fig. 2 , if swine serum contains specific antibodies against type 1 and/or type 2 PRRSV, the antibodies will bind to the rN protein-conjugated colloidal gold, and this primary immune complex moves through the nitrocellulose membrane due to capillary force. The secondary immune complex (rN protein-anti-PRRSV antibody-rN proteinconjugated colloidal gold) is formed in the test line of the nitrocellulose membrane. If swine serum contains no antibodies against the PRRSV, the primary or secondary immune complexes will not be formed in the test line, thus only the control line will be generated. Fig. 3 . Detection of porcine reproductive and respiratory syndrome virus (PRRSV)-specific antibodies in swine sera from 6 experimentally inoculated pigs by the developed immunochromatographic strip test (ICST) and commercial enzyme-linked immunosorbent assay (ELISA) (IDEXX PRRS X3 Ab; IDEXX Laboratories, USA). Six pigs in three groups (two pigs in each group) were inoculated with three types of PRRSVs including LMY, PL97-1, and E38, and sera were obtained at 0, 7, 14, 28, 39, and 52 days post-infection (dpi). The ICST detected PRRSV-specific antibodies in all 6 pigs as early as 7 dpi, while the commercial ELISA detected PRRSV-specific antibody in 4 of 6 pigs at 7 dpi. Samples with time-resolved fluorescence reader test intensities ≥ 40 were considered positive; samples with sample-to-positive (S/P) ratios ≥ 0.4 were considered positive.
Results
Diagnostic efficacy for PRRSV-specific antibodies in field serum samples
To compare diagnostic specificity and sensitivity of the developed ICST with ELISA, 991 field samples were processed with both the IDEXX ELISA and the developed ICST. In addition, IFA was performed with the same serum samples as a reference method. As shown in Table 1 , the IFA results of the 991 field samples indicated that there were 583 positive and 408 negative samples. The ICST PRRSV results showed 97.4% sensitivity and 88.2% specificity, whereas the commercial ELISA showed 97.8% sensitivity and 92.4% specificity ( Table 1) . A few ambiguous samples that yielded unmatched results among ELISA, ICST, and IFA were retested with IgM ELISA. The efficacy of ICST and commercial ELISA determined by IFA and by IgM ELISA as reference methods is also summarized in Table 1 . The ICST for PRRSV showed 97.5% sensitivity and 91.1% specificity, whereas the commercial ELISA showed 97.3% sensitivity and 94.7% specificity ( Table 1) .
Detection of PRRSV-specific antibodies in serum samples from experimentally challenged pigs
Results of 36 serum samples from 6 experimentally infected pigs are depicted in Fig. 3 . The PRRSV-specific antibody response of the ICST was compared with that of the commercial ELISA. All pigs were seronegative to PRRSV at 0 dpi. By using the IDEXX X3 Ab ELISA, 4 of 6 infected pigs seroconverted at 7 dpi and all were clearly positive at 14 dpi. On the other hand, the developed ICST was slightly more sensitive than ELISA. Using the ICST, seroconversion was observed in all 6 pigs from day 7 dpi onwards, except one pig. In addition, there were some discrepancies in trends of detection of PRRSV-specific antibodies between ICST and commercial ELISA. Briefly, the ICST results showed a peak at 7 dpi, being followed by a steep decrease and a gradual increase, in 5 of the 6 pigs. Therefore, we performed in-house IgM ELISA with the same sera from 3 of 6 pigs (one pig in each group) to identify whether the developed ICST can detect another isotype of PRRSV-specific antibodies and to determine what may cause the sharp increases in PRRSV-specific antibody response at 7 dpi. The result revealed that a similar pattern existed in the appearance of PRRSV-specific antibodies between the ICST and the in-house IgM ELISA, particularly in the early infection period (Fig. 4) .
Early detection of PRRSV-specific antibodies
To identify how early in the early post-infection period following initial exposure to PRRSV the ICST PRRSV-specific antibodies can be detected, six weaned pigs (3 weeks old) of the same litter were randomly assigned to two groups of three pigs each. Two of the groups of three pigs each were intramuscularly inoculated with 2 mL of PRRSV prototype viruses VR2332 or LV at a titer of 10 5 TCID 50 /mL. The sera of the challenged pigs were collected at 0, 1, 3, 5, 7, and 14 dpi. Using an S/P ratio of 0.4 as the cutoff, only 1 of 6 pigs had antibody detectable by commercial ELISA at 7 dpi, whereas the ICST detected antibodies in 1 of 6 pigs at 3 dpi and in 6 of 6 pigs at 7 dpi (Fig.  5 ). All 6 pigs were clearly positive for PRRSV-specific antibodies at 14 days post challenge with both ELISA and ICST (data not shown). Fig. 4 . Porcine reproductive and respiratory syndrome virus (PRRSV)-specific antibody responses in immunochromatographic strip test (ICST) and IgM enzyme-linked immunosorbent assay (ELISA) (in-house) for swine sera from 3 experimentally inoculated pigs. The serum samples of pigs 36, 37, and 39 (one pig in each group) were applied to the in-house IgM ELISA and the results compared with the ICST results. The PRRSV-specific antibody profile showed a marked peak at 7 days post-infection (dpi). There were similar trends in antibody profiles of both ICST and IgM ELISA during the early infection period. OD, optical density. Six pigs in two groups (three pigs each) were inoculated with two prototype PRRSVs (VR2332 and Lelystad virus [LV] ) and sera were collected at 0, 1, 3, 5, 7, and 14 days post-infection (dpi). The immunochromatographic strip test (ICST) could detect PRRSV-specific antibody in 1 of 6 pigs at 3 dpi, 2 of 6 pigs at 5 dpi, and all pigs at 7 dpi, while the commercial enzyme-linked immunosorbent assay (ELISA) detected PRRSV-specific antibody in only 1 of 6 pigs (Pig 3) at 7 dpi. All pigs were positive for PRRSV-specific antibodies in both ELISA and ICST results from 14 dpi onwards (data not shown). Samples with time-resolved fluorescence reader test intensities ≥ 40 were considered positive; samples with sample-to-positive (S/P) ratios ≥ 0.4 were considered positive.
Discussion
Several studies have described increasing incidences of PRRS caused by single or concurrent infection of type 1 and type 2 PRRS field viruses that show an expanding genetic diversity in Korea [5, 6, 14, 15, 18] . Simplicity and accuracy of PRRS diagnosis are highly important for the creation of prompt strategies for minimizing PRRS affliction. In accordance with those needs, the ICST reported in this study was developed to have diagnostic features and to be applicable for use in the field.
The ICSTs previously developed for PRRSV antibody detection selected the N and/or M protein of a single PRRSV strain to capture PRRSV-specific antibodies in a test sample [8, 19, 33] due to the strong and broad antigenicity of those proteins [9, 22] . Those ICSTs utilized colloidal gold conjugated with protein G and/or A. The PRRSV-specific-antibody detection capabilities of those ICSTs were directly compared with those of two commercial ELISAs (HerdChekt PRRS ELISA kit and CIVTEST SUIS PRRS ELISA kit). Meanwhile, the ICST developed in the current study used a mixture of rN proteins from both type 1 and type 2 PRRSVs as capture antigens by being labeled with colloidal gold nanoparticles, which was applied to test line. The use of dual-type N proteins was expected to enhance diagnostic performance due to the genetic variation between the two PRRSV types and to improve the diagnostic performance in ELISA by utilizing N proteins of both types when compared to that of single type [7] .
The diagnostic performance of the developed ICST was determined by comparing its diagnostic efficacy (using IFA assay and IgM ELISA as valid standards) with that of a commercial ELISA (IDEXX PRRS X3 Ab) in 991 clinical serum samples and 66 serum samples from 12 experimentally inoculated pigs. The ICST in this study was shown to have similar levels of sensitivity (97.5% vs. 97.3%) and specificity (91.1% vs. 94.7%) to that of the IDEXX commercial ELISA and proved capable of detecting PRRSV-specific antibodies in pigs experimentally infected with three field (LMY, E38, and PL97-1) and two prototype viruses (VR2332 and LV).
Some features differentiate this newly developed ICST from previous ICSTs, and they provide several advantages. Firstly, our ICST used N proteins of dual-type (type 1 and type 2) PRRSVs. Currently, approximately 50% of PRRS-affected swine farms in Korea are infected by type 1 PRRSVs, while the others are infected by type 2 PRRSVs (data not shown). Typical of the PRRSV, fast antigenic mutation as well as substantial antigenic differences between two genotypes can often limit the sensitivity of the ICST when testing its validity in field samples. Therefore, application of N proteins of both virus genotypes was expected to enhance the sensitivity of our ICST. As shown in Figs. 3 and 5 , it was shown that our ICST was able to detect PRRSV-specific antibodies from sera of pigs infected with type 1 (LV, E38) and type 2 (VR2332, PL97-1, LMY) PRRS prototype and field viruses. Secondly, our ICST was designed to detect various isotypes of PRRSV-specific antibodies such as IgG, IgM, and IgA by applying colloidal gold nanoparticle-conjugated rN proteins and rabbit IgG gold conjugates in a conjugate pad. The effectiveness of that strategy was shown in experimentally PRRSV-inoculated pigs. As depicted in Fig. 3 , the detection dynamics of PRRSV-specific antibodies by ICST have been well matched with that of commercial ELISA, except that the antibody level estimated by ICST reached a peak at 7 dpi, which is different from observations that PRRSV-specific antibodies increase gradually and reach a peak after 2 to 3 weeks [16, 28] . Thus, we additionally carried out an in-house IgM ELISA to confirm whether our ICST can detect the IgM antibody in the early infection period. Based on extensive study of antibody isotype profiles, IgM is the immunoglobulin which appears first when a virus infection occurs and disappears rapidly after the IgG antibody appears [4, 20] . In a primary infection of PRRSV, IgG is first detected at 7 to 10 dpi and reaches a peak at 2 to 4 weeks post-infection [20, 31, 32] , whereas IgM is first detected in serum at 5 dpi and is detectable for up to 28 dpi when using the IFA assay [12] and is detected between 7 dpi and 20 dpi when using IMPA [17] . In this study, the ICST could detect a PRRSV-specific antibody response (possibly an IgM response) as early as 3 dpi. These results suggested that our ICST may efficiently identify either IgG or IgM antibody-positive pigs in the early stage of infection. Moreover, there is a good expectation of using our ICST for detection of PRRSV-specific IgA in saliva, feces, etc. In contrast, previous ICSTs [8, 19, 33] using protein A/G conjugated with colloidal gold were mostly available only for IgG in serum, since protein A/G has little or weak affinity to isotypes other than IgG. We also evaluated cross-reactivity of the ICST with 59 sera that were tested positive for classical swine fever virus (n = 9), bovine viral diarrhea virus (n = 2), foot and mouth disease virus (n = 2), porcine circovirus type 2 (n = 10), Actinobacillus pluoropneumoniae type 2 (n = 9), A. pluoropneumoniae type 5 (n = 9), Hemophilus parasuis (n = 4), Mycoplasma hyopneumoniae (n = 4) and Pasturella multocida type A (n = 10) with a commercial ELISA (MEDIAN Diagnostics, Korea). The developed ICST showed clear negative signals with only a red band at the control line in all tested sera (data not shown), which indicated that detection of PRRSV-specific antibodies using the ICST developed in this study would not be interrupted by infection of other pathogens present in a pig farm.
In summary, the ICST developed in this study is suitable for on-farm use, and the strip test results are generated within approximately 15 min with only 20 L of swine serum. The developed strip test shows similar performance to that of a commercial ELISA kit and makes it possible to detect PRRSV-specific antibody at an earlier stage of infection than that from commercial ELISA. As a simple, cost-efficient, sensitive, and specific test for application in screening of swine sera against PRRSV, we strongly suggest that the ICST described in this study could, in the near future, successfully replace the current use of commercial ELISA for on-farm use.
